Objectives-Extracorporeal shock wave lithotripsy (ESWL) is a method used frequently for the treatment of renal stone disease. Although its safety is proven, there are still concerns about its unwanted effects on kidneys. In this prospective study, we aimed to evaluate renal tissue alterations with shear wave elastography (SWE) after ESWL. We also studied the correlation between SWE and resistive index (RI) changes.
B
efore the development of the extracorporeal shock wave lithotripsy (ESWL) technique, the only treatment model for urinary stone disease was surgery. Extracorporeal shock wave lithotripsy has a number of advantages over open and endoscopic procedures, such as its minimally invasive nature and reduced anesthetic requirements. It has equivalent stone-free rates and has become the routine method for the treatment of urinary stone disease.
Extracorporeal shock wave lithotripsy generates focused mechanical forces on stones, such as shear, spalling, and cavitation. 1 In addition to deformation, these forces are responsible for damage to small renal vasculature, which can cause hemorrhage, release of inflammatory cellular mediators, and infiltration of the intercellular space by inflammatory cells. 2 Despite its safety and efficacy, there are still concerns about its short-and long-term complications. [3] [4] [5] In addition to ultrasonography (US), other imaging modalities, such as computed tomography and magnetic resonance imaging, can be used to assess renal cortical changes and complications after ESWL. [6] [7] [8] [9] [10] Among these imaging modalities, Doppler US is probably the most-used imaging method, and the resistive index (RI) parameter has been widely used. [9] [10] [11] [12] [13] Shear wave elastography (SWE) is a new radiologic modality for imaging and calculating tissue stiffness.
14 It yields quantitative data related to tissue rigidity. There are inflammatory and edematous changes after ESWL, which can alter tissue stiffness. In evaluations of renal diseases, the RI is widely used to show vascular and renal tissue changes in clinical practice. In this prospective study, we aimed to show SWE value alterations in renal parenchyma after ESWL and determine any potential relationship between SWE and RI values after ESWL.
Materials and Methods
The Ethics Committee of Medical Sciences University Istanbul Bakirkoy Dr Sadi Konuk Hospital approved this prospective study, and all patients provided informed consent. Between May 2016 and July 2016, a total of 59 patients were enrolled in the study.
Stones were diagnosed by excretory urography or computed tomography. The glomerular filtration rate of the patients was calculated before and 1 week after ESWL. Patients with normal renal functions and no pelvicaliectasis were included in the study. Patients who had renal stones were selected for the study, and patients with ureteral stones were excluded. Other exclusion criteria were patients with renal masses, renal parenchymal disease, diabetes mellitus, urinary system infections, hypertension, and any history of renal surgery.
Extracorporeal Shock Wave Lithotripsy Procedure Extracorporeal shock wave lithotripsy was performed with a Piezolith 3000 piezoelectric lithotripter (Richard Wolf, Knittlingen, Germany). The number of shocks per patient ranged from 1500 to 2500 (mean, 2234), and the voltage range was 14 to 22 kV (mean, 18 kV).
Doppler US and SWE Measurements
All US examinations were done before, 1 hour after, and 1 week after ESWL procedures separately by the same radiologist, with 8 years of experience. All RI and SWE measurements were performed with an Aplio 500 US machine (Toshiba Medical Systems Co, Ltd, Tokyo, Japan) equipped with a 3.5-MHz convex array transducer. Measurements were made in treated kidneys only. Doppler signals obtained from interlobar arteries were used to calculate RI values (peak systolic velocityend-diastolic velocity/peak systolic velocity). The Doppler sample width was set at 2 to 4mm. We used a lowfrequency range setting and a low wall filter to minimize sampling errors. Calculations were done in 3 separate interlobar arteries, and the arithmetic mean was calculated for the final RI value.
Shear wave elastographic measurements were performed while the patients were holding their breath. Patients were scanned in the left or right lateral decubitus or supine position. The shortest possible distance to the kidney was selected to obtain images. The region-ofinterest circle was positioned in the renal cortex. All SWE measurements were performed on a transverse section of the kidney. Upper and lower poles and interpolar areas were measured by placing the region of interest where the tissue stiffness was calculated quantitatively (Figure 1 ). Multiple measurements were performed (6) (7) (8) , and the arithmetic mean value was defined as the final SWE value. Then, we further evaluated the SWE values obtained from regions of kidneys according to the locations of the stones. Since we did not have patients with multiple stones in more than 1 region of the kidney, we made 2 groups: group 1 contained the part of the kidney with the stone (1 of these 3 parts: upper pole, lower pole, and interpolar region); and group 2 contained stone-free parts of the kidney (remaining 2 parts).
The SWE values of the groups were noted.
Statistical Analyses
Data obtained from the study were analyzed statistically. We used Number Cruncher Statistical System 2007 software (NCSS, Kaysville, UT) for statistical analyses. In addition to descriptive statistical methods (mean, standard deviation, median, frequency, proportion, minimum, and maximum), we used a repeated-measures test for evaluations of normally distributed variables. The MannWhitney U test was used for evaluations of nonparametric data. The Bonferroni test was used for a binary comparison. Statistical significance was determined at P < .01 and P < .05 levels. A Pearson correlation analysis was used to evaluate correlations between RI and SWE values.
Results
We included 26 (44.1%) women and 33 (55.9%) men in the study. Their ages ranged from 20-65 years (mean 6 SD, 45.0 6 1.1 years). Stone diameters ranged from 7 to 19 mm (mean, 13.0 6 0.5 mm).
The mean SWE values were as follows: before ESWL, 49.65 6 12.74 kPa; 1 hour after ESWL, 70.71 6 15.74 kPa; and 1 week after ESWL, 50.96 6 11.28 kPa. The mean RI values were as follows: before ESWL, 0.63 6 0.06; 1 hour after ESWL, 0.67 6 0.07; and 1 week after ESWL, 0.64 6 0.06. The 1-hour SWE values were significantly increased compared with the pre-ESWL values (P 5 .001; P < .01). The 1-week ESWL SWE values were significantly decreased compared with the 1-hour values (P 5 .001; P < .01). The difference in SWE values before and 1 week after ESWL was not statistically significant (P > .99; P > .05).
The RI values 1 hour after ESWL were significantly increased compared with the pre-ESWL values (P 5 .001; P < .01). The RI values 1 week after ESWL were significantly decreased compared with the 1-hour values (P 5 .001; P < .01). The difference between pre-ESWL and 1-week RI values was not statistically significant (P 5 .119; P > .05). There were no correlations between SWE and RI values (pre-
The median, minimum, and maximum SWE values of the groups were as follows: group 1 (stone region group)-pre-ESWL SWE, 69.6, 24.2, and 103.6 kPa; 1-hour SWE, 93.8, 39.0, and 149.8 kPa; and 1-week SWE, 62.2, 22.3, and 113.7 kPa; group 2 (stone-free region group)-pre-ESWL SWE, 47.0, 18.8, and 85.1 kPa; 1-hour SWE, 58.0, 29.7, and 111.6 kPa; and 1-week SWE, 40.9, 18.5, and 87.6 kPa. There were significant differences between groups 1 and 2 in the pre-ESWL period (P < .0001) and 1 hour after ESWL (P < .0001). There was no significant difference between groups 1 week after ESWL (P > .05).
Figures 2-5 show SWE and RI value changes before ESWL, 1 hour after ESWL, and 1 week after ESWL. As shown in Figure 2 , almost all SWE values increased after ESWL. However, 13 cases had RI changes in the opposite direction from the rest of the cases (Figure 3) , whereas only 1 case had an SWE change in the opposite direction ( Figure 2) .
The glomerular filtration rate values of the patients were checked before ESWL (median, 102 mL/min; range, 94-114 mL/min) and 1 week after ESWL (median, 99 mL/min; range, 83-112 mL/min). There was no significant change in the values (P > .05). 
Discussion
Elastography has been used to evaluate tissue stiffness, and its capacity has been determined in the literature for several organs, such as the breast, thyroid, liver, and prostate. 15 An external force is applied to tissue, and the alterations that occur in the tissue are evaluated to image and calculate the tissue rigidity. 16 There are several methods depending on the generation of external force and assessment of the alterations in the tissue. Based on these methods, elastography has mainly 2 types; strain elastography and SWE. 16 In strain elastography, a manually applied external force is used to make tissue alterations, and a color map is generated on the display. 17 This map shows tissue rigidity in colors, and a strain ratio can be calculated from this map. 17 For these reasons, strain elastography is a semiquantitative and userdependent modality. On the other hand, SWE generates shear waves in the tissue by sound waves that spread from the transducer. 14 The velocity of the generated shear waves is detected by the transducer. From this velocity, the tissue stiffness is calculated by a special formula.
14 Shear wave elastography yields quantitative data and is not user dependent, as is strain elastography. The validity of SWE has been proven in the evaluation of kidney diseases. 18 It is used in kidney diseases such as chronic kidney disease, hydronephrosis, and diabetic nephropathies. [18] [19] [20] Because of the deep location of the kidneys in the abdomen and their complex anatomy, SWE is the most acceptable elastographic method. 18 We performed SWE to evaluate tissue changes after ESWL and correlated these data with RI alterations. As far as we know, this work is the first study that assessed SWE values of ESWL-treated kidneys reported in the English literature.
Extracorporeal shock wave lithotripsy triggers acute renal injury throughout the kidney. 5 There is a direct traumatic vascular injury by the external mechanical forces and an ischemic/hypoxic response related to severely damaged renal vessels. Furthermore, an inflammatory response named "lithotripsy nephritis" occurs at the site of endothelial injury. 5 Hemorrhage and edema are seen in the interstitial area after ESWL. 13 Renal vascular injury is the main reason for vascular resistance. In the literature, several studies showed RI increases after ESWL, which were compatible with our results. In a study by Derchi et al, 21 they examined 20 patients with calyceal stones, and RI values were higher than pre-ESWL values 1 hour after ESWL. Aoki et al 13 compared RI values 30 minutes and 1 week after ESWL. They found that the RI increased significantly 30 minutes after ESWL but returned to pre-ESWL levels 1 week after ESWL. Our results showed the same alterations in RI values. Bed€ uk et al 22 assessed 24 patients before and 24 hours after ESWL. They found no significant change in RI values. Although this result does not seem compatible with our results, the reason could have been the evaluation timing. We performed Doppler US 1 hour after ESWL. In a study conducted by Kurt et al, 11 they evaluated 23 patients with renal stone disease. They claimed that there was a significant difference before and 1 hour after ESWL, and the significance disappeared 1 week after ESWL. Their study agreed with our results.
The alterations of SWE values 1 hour and 1 week after ESWL did not show concordance with RI changes. The RI can be used to show renal perfusion changes. Mitterberger et al 10 compared RI and magnetic resonance perfusion imaging parameters of kidneys after ESWL. They concluded that these modalities had a good correlation (r 2 5 0.69). Resistive index alterations mainly depend on vascular resistance and directly show conditions related to the vascular system and, indirectly, parenchymal diseases. 23, 24 On the other hand, SWE alterations directly depend on tissue changes.
14 This difference could be a possible explanation for the inconsistency between SWE and RI values. A second explanation could be the detection rates of parenchymal changes by the modalities. Animal studies showed that some degree of renal injury occurs in almost all cases after ESWL. 25, 26 As demonstrated in Figures 2-5 , almost all SWE values increased after ESWL, indicating that parenchymal changes could be detected. However, the RI could not indicate parenchymal changes in a number of cases. Hocaoglu et al 27 searched for diffusionweighted magnetic resonance imaging changes in kidneys after ESWL. They also evaluated RI changes. Although they found significant differences on diffusionweighted imaging (a decrease in apparent diffusion coefficient values) in kidneys after ESWL, they claimed that there were no significant changes in RI values after ESWL. These data could support our theory that the RI has some difficulties in particularly detecting parenchymal changes in the kidney. In addition, those findings support the idea that a decrease in apparent diffusion coefficient values could be the result of microtraumas after ESWL. We think that these data were compatible with our SWE measurements. Because edema and inflammation occur after ESWL, 5, 13 and these changes can be detected as increases in SWE values and as decreases in apparent diffusion coefficient values. On the other hand, the discordance between RI and SWE values is a controversial topic on which we believe that further studies are needed with greater numbers of cases.
The renal regions that contained stones (group 1) had significantly higher SWE values compared with stone-free regions of the kidneys (group 2) at all times (before ESWL, 1 hour after ESWL, and 1 week after ESWL). We speculate that this difference may be explained as a potential effect of a renal stone on its neighboring parenchyma, such as edema.
Our study had some limitations. First, we did not have histopathologic verification of renal tissue changes after ESWL. Second, we could not find any reference standard imaging modality; therefore, we could not compare SWE with a reference standard modality. We did not plan to perform SWE measurements in contralateral untreated kidneys because some studies in the literature have shown no significant RI changes in untreated kidneys. 13 In addition, we think that an untreated kidney is a stone-free kidney, and comparing these kidneys may have created a selection bias, particularly for the evaluation of SWE values. This factor can be a concern for another study, since we only aimed to investigate SWE changes in ESWL-treated kidneys. The anisotropy of renal parenchyma that is related to the tissue structure can be handicap for SWE evaluation. [15] [16] [17] The renal cortical structures have a radial distribution from the hilus to the cortex. The angle of the US beam is an important issue related to obtaining consistent data with SWE. If the US beam can be sent perpendicularly to renal cortical structures, more consistent data can be obtained. We tried to ensure this perpendicular US beam emission with an appropriate transverse section evaluation.
In conclusion, SWE can provide valuable data as a noninvasive and quantitative imaging modality in the evaluation of renal tissue alterations after ESWL treatment. 
